Abstract. Water activities of a series of polyol/water systems were measured with an AquaLab dew point water activity meter at 298 K. The investigated polyols with carbon numbers from n=2-7 are all in liquid state at room temperature and miscible at any molar ratio with water. In aqueous solutions with the same molar concentration, the diols with lower molecular weight lead to lower water activities than those with higher molecular weights. For diols with four or more carbon atoms, the hydrophilicity shows considerable differences between isomers: The 1,2-isomers -consisting of a hydrophilic and a hydrophobic part -bind less strongly to water than isomers with a more balanced distribution of the hydroxyl groups. The experimental water activities were compared with the predictions of the group contribution method UNIFAC: the model predictions overestimate the water activity of water/polyol systems of substances with two or more hydroxyl groups and can not describe the decreased binding to water of isomers with hydrophobic tails. To account for the differences between isomers, a modified UNIFAC parameterization was developed, that allows to discriminate between three types of alkyl groups depending on their position in the molecule. These new group interaction parameters were calculated using water activities of alcohol/water mixtures. This leads to a distinctly improved agreement of model predictions with experimental results while largely keeping the simplicity of the functional group approach.
Introduction
Organic species are emitted into the atmosphere by a variety of natural and anthropogenic sources. They account for up to 50% of the total fine aerosol mass at continental mid-latitudes (Saxena and Hildemann, 1996) and for up to
Correspondence to: C. Marcolli (claudia.marcolli@env.ethz.ch) 90% in tropical forested areas (Yamasoe et al., 2000; Roberts et al., 2002) . The amount of water absorbed by aerosol particles can be significantly altered by the presence of organics (Saxena et al., 1995; Saxena and Hildemann, 1997) . Conversely, gas/particle partitioning of semivolatile species is influenced by the presence of water in particles . To tackle these interdependences, thermodynamic models are required that describe gas/particle partitioning and water activity (Bowman and Melton, 2004) . The wide variety of organic species present in the ambient aerosol can only be handled by models that parameterize functional groups rather than individual compounds. The most common group contribution method for organic substances is UNI-FAC (Fredenslund et al., 1975 (Fredenslund et al., , 1977 . Although it has been shown that the performance of UNIFAC is not satisfactory for predicting water activities of mixtures containing multifunctional organic species (Saxena and Hildemann, 1997; Peng et al., 2001; Ming and Russell, 2002) , it is commonly used to describe gas/particle partitioning of semivolatile organic species and water (Pun et al., 2002; Cai and Griffin, 2003; Griffin et al., 2003; Erdakos and Pankow, 2004) . Russell (2002, 2004) have therefore developed an improved parameterization to model the influence of organic compounds in affecting droplet number densities in fog.
This study investigates more closely how the performance of UNIFAC depends on the number and the position of functional groups. This is done for a large variety of alcohols including monofunctional as well as polyfunctional ones. Polyfunctional alcohols -so called polyols -together with polyethers have been identified by HNMR as a main class of the water-soluble organic fraction of atmospheric aerosols (Decesari et al., 2000 (Decesari et al., , 2001 . Various individual polyols and carbohydrates have been observed in biomass burning samples (Graham et al., 2002; Gao et al., 2003; Claeys et al., 2004 , Simoneit et al., 2004 . The hydroxyl group therefore can be considered as one of the most important functional groups of organic aerosol constituents. A variety of mono- and polyfunctional alcohols are commercially available covering a large number of chain lengths and isomers. The focus of this study is on polyols that are present as liquids at room temperature and miscible at any molar ratio with water. This allows the measurement of water activities of polyol/water bulk samples over the whole composition range. The experimental data is compared with UNIFAC predictions and used together with vapour-liquid equilibrium data of alcohols at the boiling temperature to develop a new improved UNIFAC parameterization.
Experimental methods
The water activities, a w , were measured using an AquaLab water activity meter (Model 3TE, Decagon devices, USA). This instrument applies the chilled mirror technology to determine the dewpoint temperature of air equilibrated with the sample. In addition, infrared thermometry pinpoints the sample temperature. Therefore, accurate measurements are not dependent on precise thermal equilibrium. An internal temperature control allows to have a temperature-stable sampling environment from 15-40 • C. For all measurements, the volatile sample block available as an accessory to the instrument was used. With this sample block, the water activity in the presence of other semivolatile components can be determined. Experimental errors for the volatile sample block are ±0.015 a w . To correct for instrument drifts and offset, the performance of the sample block was frequently controlled and readjusted with reference samples. All measurements were performed at 298 K. The substances were purchased from Sigma-Aldrich in the best available purity. For glycerol, ethanediol, 1,2-, and 1,3-propanediol as well as 1,3-, 1,4-, and 2,3-butanediols the purity was above 99%, for 1,4-pentanediol it was 99%, for 1,2-butanediol and 2,4-pentanediol ≥98.0%, for 1,2-and 2,5-hexanediol ≥97.0%, for 1,2-and 1,5-pentanediol 96%, and for 1,2,4-butanetriol and 1,7-heptanediol ≥95%. The substances were used without further purification. The water/polyol mixtures were prepared by mass percent with MilliQ water using an analytical balance.
UNIFAC group contribution method
The UNIFAC group contribution method (Fredenslund et al., 1975 (Fredenslund et al., , 1977 ) is a broadly used tool for the prediction of liquidphase activity coefficients parameterized for a wide range of structural groups (Hansen et al., 1991) . In the UNIFAC model, the activity coefficients of a molecular component i (γ i ) in a multicomponent mixture are expressed as the sum of two contributions: a combinatorial part (C), accounting for size and shape of the molecule and a residual part (R), a result of inter-molecular interactions
The water activity is calculated as
where x w is the mole fraction of water and γ w is the water activity coefficient accounting for the non-ideality of the mixture. For an ideal mixture (γ w =1), the water activity is simply the mole fraction of water. The combinatorial part of UNIFAC uses the pure component properties such as volumes and surface areas to account for the excess entropic part of the activity coefficients
where
with
In these equations, x i is the mole fraction of component i, v (i) k is the number of groups of type k in molecule i, and z is the lattice coordination number, a constant set equal to ten (Fredenslund, 1975) . The group volume and surface area parameters R k and Q k are based on the work of Bondi (1968) .
The residual part of the activity coefficient is given by
where k is the group residual activity coefficient in the mixture and Onken (1977, 2003) and Gmehling et al. (1988) 
In these expressions, m is the surface area fraction of group m, X m the mole fraction of group m in the mixture, and mn the interaction parameter between the groups m and n. mn is temperature dependent and a function of the group interaction parameter a mn . For this study, literature values for group volume and surface area parameters R k and Q k as well as for the group interaction parameters a mn are taken from Hansen et al. (1991) . The values used for the investigated alcohols are given in Tables 1 and 2. Table 3 lists the measured water activities for the investigated polyol/water systems. Only a part of the polyols could be purchased in an anhydrous quality. The water activity a w of the different polyols before the addition of water varied between 0 and 0.125. Based on these values, the water content was estimated to be between 0 and 1.5 wt% for the different liquids. The compositions of the water/polyol mixtures were therefore corrected to include the water which was present in the compounds as purchased. Such a correction was necessary for glycerol, 1,2-butanediol, all pentanediols, the hexanediols, the heptanediol, as well as 1,2,4-butanetriol.
Results and discussion

Water activity measurements
For some of the investigated polyol/water mixtures, water activity data is already available in the literature. Figure 1 shows a comparison of the water activity from this study and literature data for glycerol and 2,3-butanediol. For glycerol/water, water activity has been determined by vapourliquid equilibrium measurements under isobaric and isothermal conditions at the boiling temperature Onken, 1977 and Gmehling et al., 1981 and 1988) as well as by the isopiestic method (Scatchard et al., 1938) and with an AquaLab water activity meter similar to the one used in the present study (Ninni et al., 2000) . The quite diverse quality of the different datasets necessitates a careful data selection. Measurement series with large scatter were considered as less significant. Figure 1a shows the datasets that were judged to be most reliable for the glycerol/water system. The presented data span a temperature range from 25 • -290 • C. For 2,3-butanediol/water, the literature data is shown in Fig. 1b . All datasets are based on vapour-liquid equilibria under isobaric conditions at the boiling temperature at 60 • -180 • C except the one from Borghesani et al. (1989) , which was measured with a vapour pressure osmometer at 25 • C. It can be seen that there is quite a large scatter in some datasets and considerable deviations between datasets.
The data from this study show very good agreement with literature values in the case of glycerol/water, see Fig. 1 . For 2,3-butanediol/water they exhibit lower water activities for a given mass concentration than most other datasets, but are in good agreement with Borghesani et al. (1989) , whose measurements are however restricted to dilute solutions. In general, water activity measurements by the isopiestic method or with the AquaLab water activity meter are quite accurate C. Marcolli and Th. Peter: New UNIFAC parameterization (Ninni et al., 2000) . In comparison, vapour-liquid equilibrium data at the boiling temperature tend to have larger errors especially when one component exhibits a low but not negligible concentration in the gas phase, as it is the case for most polyols in this study. Based on the good agreement for glycerol/water with literature values, and because there is no obvious reason why the accuracy should be worse for other polyols, we assume that the data from this study are accurate within ±0.015 a w as specified for the AquaLab water activity meter with the volatile sample block. Figure 2 shows a comparison of the water activities for the investigated diol/water systems as measured in this work. In aqueous solutions with the same mass concentration, diols with lower molecular weight lead to lower water activities than those with higher molecular weights. This trend is a consequence of both, the growing molecular weight and the increased hydrophobicity of the larger chain diols -the hydrophobicity increase being the dominant factor, as can be seen by comparing Fig. 2a with b . For the diols with four or more carbon atoms, there are also considerable differences between isomers. The 1,2-isomers consisting of molecules with a hydrophilic and a hydrophobic part bind less strongly to water than the other isomers with a more balanced distribution of the hydroxyl groups. Figure 3 shows the experimental data and UNIFAC predictions for the investigated butanol/water mixtures. Experimental data from vapour-liquid equilibria at the boiling temperature at 25 • -35 • C and under isobaric conditions at 700-760 mmHg corresponding to a temperature range from 80 to 120 • C are shown. There is no temperature dependence sufficiently strong to exceed the scatter between various measurements of the inspected alcohol/water vapour-liquid equilibria. The parameters for the UNIFAC predictions at 25 • and 100 • C are listed in Tables 1 and 2 . The UNIFAC parameterization is in good agreement with the experimental data for all butanols but tert-butanol, for which the water activity is overestimated (Fig. 3d) . UNIFAC predicts a moderate temperature dependence with stronger water activity depression at higher temperatures. Figure 4 shows the experimental data and UNIFAC predictions for the investigated pentanediol/water mixtures. For these mixtures, no literature data are available except for 1,5-pentanediol in the more dilute region (Borghesani et al., 1989) . The UNIFAC prediction at 25 • C is in fair agreement with the measurements for 1,2-pentanediol, whereas for all other pentanediols the water activity at a given concentration is clearly overestimated. Figure 4 also shows the water activities for the UNIFAC parameterization by Ming and Russell (2002) with parameters specifically developed for monosaccharides as listed in Table 2 . This parameterization is in better agreement with the experimental data as the standard UNIFAC, but it can not account for differences between isomers. UNIFAC predictions are also shown in Fig. 1 for glycerol and 2,3-butanediol/water mixtures. The Ming and Russell parameterization leads to an excellent agreement for glycerol, but overall the UNIFAC parameterizations are limited by the fact that they do not account for differences between isomers (Sandler, 1994) .
UNIFAC predictions
New UNIFAC parameterization
In UNIFAC, alkyl groups, whether connected to another alkyl group or to a hydroxyl group, are treated the same way. Such a simple parameterization requires only a low number of structural groups, however, can not represent interactions between adjacent atoms in a molecule. UNIFAC does for example not account for proximity effects that occur when two or more strongly polar groups are located on the same or adjacent carbon atoms (Sandler, 1994) . One way to overcome this limitation is to define parameters that are specific for certain compound classes. Such parameterizations have been proposed by Peng et al. (2001) for dicarboxylic and hydroxyl-carboxylic acids and by Ninni et al. (1999) for poly(ethylene glycol). Ming and Russell (2002) proposed modified parameterizations for long-chain monofunctional compounds, monosaccharides, hydroxyl-acids and diacids. For polyols (Ninni et al., 2000) and sugars (Peres and Macedo, 1997) modified parameterizations within the UNIFAC-Larsen model (Larsen et al., 1987) have been described. Onken (1977, 2003) and Gmehling et al. (1981 Gmehling et al. ( , 1988 , different colors indicate different measurement series. Solid lines: UNIFAC predictions at 25 • C, dotted lines: UNIFAC predictions at 100 • C (black: Hansen et al., 1991; red: using the new parameters from this study).
In this work, a different approach is used: the same group interaction parameters are applied to monofunctional alcohols as well as polyols, however, to improve the accuracy, more specific structural groups are defined. The aim of this new UNIFAC parameterization is therefore twofold: (i) to refine the definition of alkyl groups by accounting for their positions in the molecules; (ii) to adjust group interaction parameters needed to describe polyols. To reach these two goals, a large dataset is required that includes as many isomers as possible. Besides the water activity data acquired in this study for polyol/water, vapour-liquid equilibria of alcohol/water systems from the literature were also considered. The literature data used for the parameterization covers the temperature range from 20 • to 140 • C and is listed in Table 4. A fugacity correction (Zemp and Francesconi, 1992; Tsonopoulos, 1974) was applied to smaller alcohols.
The UNIFAC parameterization of alcohol/water systems shows two main weaknesses: it underestimates the water uptake of substances with two or more hydroxyl groups and it can not account for the reduced binding to water of isomers with hydrophobic tails. A new definition of alkyl groups should therefore improve these two shortcomings. Moreover, it should be unambiguous and easy to apply. Different sets of alkyl group definitions were tested by fitting UNIFAC water activities to the experimental data. In order to achieve this, water-alkyl and water-hydroxyl group interaction parameters were varied while keeping other parameters constant (i.e., we kept the alkyl-hydroxyl interaction parameters constant, since we did not want to risk a decreased performance of UNIFAC for alkane/alcohol systems in the absence of water). The UNIFAC volume (R k ) and surface area (Q k ) parameters for the alkyl, hydroxyl and water groups were maintained at the literature values (Hansen et al., 1991) listed in Table 1 .
This optimization process led to the definition of the following three types of alkyl groups: -CH n (n=0, 1, 2) with a hydroxyl group: accounts for the induced polarity of alkyl groups directly connected to the electronegative hydroxyl group. This type of alkyl group shows an enhanced interaction with water compared to the other cases.
-CH n (n=0, 1, 2, 3) in hydrophobic tails: accounts for the non-polar nature of alkyl chains that easily agglomerate and form micelles in water. This type of alkyl group shows decreased interactions with water compared to the other cases. The minimal size of a hydrophobic tail is -CH 2 -CH 3 . As only exception, for ethanol it is -CH 3 .
-CH n (n=0, 1, 2, 3) in alcohols: constitutes the general type of alkyl group which applies when the special conditions for the other two types are not fulfilled.
The new group interaction parameters are listed in Table 2 .
To exemplify the use of the new definitions several examples are given in Fig. 5. Figures 1, 3 and 4 reveal that the new parameterization is able to account for the observed differences between isomers. The agreement with the experimental water activities for the monofunctional alcohol/water as well as the polyol/water systems is distinctly improved. For some mixing ratios, the calculated water activity reaches values above 1 in the butanol / water mixtures (Fig. 3) , because the UNIFAC prediction was carried out with the premise that the two components are present in the same phase. If the calculations are repeated allowing for the occurrence of phase separations, the new UNIFAC parameterization correctly predicts miscibility gaps for all butanols but tert-butanol, while the parameterization by Hansen et al. (1991) also predicts a phase separation for tert-butanol, which is in disagreement with experimental observations (e.g. Fischer and Gmehling, 1994) .
To describe the hygroscopic growth of aerosol particles that may serve as cloud condensation nuclei (CCN), an accurate description of their hygroscopicity at high relative humidities is required. Figure 6 compares the growth characteristics of a 100 nm diameter particle of 1,5-pentanediol based on model predictions and the experimental data. The UNI-FAC parameterization by Hansen et al. (1991) strongly underestimates the water uptake especially for relative humidities between 96-98%. When the Kelvin effect is included (Fig. 6b) , it predicts an increase of only one third in diameter up to almost 100% RH, whereas the experimental results indicate a duplication of the diameter already at 99% RH. Interestingly, this substance is much better described by the assumption of solution ideality than by the explicit calculation of water activities based on the standard UNI-FAC parameterization. For 1,5-pentanediol, the new parameterization presented in this study is in excellent agreement with the experimental results, enabling the use of UNIFACpredicted water activities to calculate the critical supersaturation for CCN activation based on Köhler theory (Pruppacher and Klett, 1997) .
Conclusion and outlook
The analysis of an extensive dataset of vapour-liquid equilibrium and water activity data for alcohol/water mixtures showed that the ability of UNIFAC to describe the nonideality of these systems is limited. The main reason for this limitation is due to the fact that the position of the hydroxyl groups in the molecule influences the interactions with water. The definition of structural groups within UNIFAC can not account for such differences. Therefore we developed a new UNIFAC parameterization that discriminates between three types of alkyl groups based on their position in the molecule. This modified UNIFAC model leads to a distinctly improved agreement with experimental data without losing much of the simplicity of the group contribution approach. In future work, this parameterization shall be extended to mixtures containing further functional groups such as carboxylic acid, ether and carbonyl groups with the aim to establish a UNIFAC version that is optimized to describe organic substances of atmospheric relevance and can be implemented in or combined with inorganic thermodynamic models.
